Recently the study of ternary Organic Solar Cells (OSCs) has attracted the efforts of the scientific community, leading to significantly higher performances due to enhanced harvesting of the incoming irradiation. Here, for the first time, and in order to promote this OSC architecture, we review the progress implemented by the application of two-dimensional (2D) materials in the field of blend bulk heterojunction ternary OSCs. Power conversion efficiency (PCE) improvements of the order of 40%, compared to the reference binary devices and in excess of 8% PCEs have been reported by incorporating graphene-based or other 2D materials as a third element inside the active layer. These OSCs combine the synergetic advantages of the ternary devices and the superb properties of the 2D materials family. In conclusion, the incorporation of the unique properties of graphene and the other 2D materials inside the active layer introduces a very promising pathway towards the design and construction of high performance, simply fabricated and low cost photovoltaic devices.
Introduction
The global energy consumption is continuously increasing and is predicted to reach ~30 TWs in the next 20 years [1] . Conventional energy sources such as fossil fuels lead to CO 2 emissions and pose environmental pollution issues. Solar cell devices have demonstrated their potential to convert very efficiently the incoming solar photon energy into electricity [2] . These renewable energy devices have reduced the dependence form the fossil fuels. Silicon solar cells is the dominant solar cell generation (1 st generation) regarding their certified photovoltaic performance (PCEs up to 25%) compared to the other solar cell technologies (2 nd and 3 rd generations). However, the key aim of this technology is to reduce production costs to 1 $/peak Watt (1 $/Wp) to compete on cost with other forms of renewable energy sources. Right now, cells using crystalline and polycrystalline silicon cost four more times the aforementioned objective. This limited the 1 st generation competitiveness over the other types of renewable energy sources (RES) [3] . To tackle this issue and thus boost the solar cells competitiveness, a significant research effort has been undertaken for the development and progress of the 2 nd (thin film technology) and 3 rd solar cell (Dye sensitized, Organic and Perovskite Solar Cells) generations. One of the most promising candidates are the Organic Solar Cells (OSCs). These devices require simple and of low cost fabrication processes, have attained PCEs over 10% for small area devices. Moreover, OSCs exhibit excellent mechanical flexibility, low weight and are compatible with large scale printing processes [4, 5] . These excellent features are the results of synergy of innovative material design and device engineering [6, 7] . The milestones in OSCs research include: (a) the single layer organic material based apparatus that yielded very low PCEs; [8] (b) the bulk heterojunction (BHJ) concept developed in 1995 where a binary component blend formed the predominant active layer [9] resulting in a more uniform and extended interface between donor and acceptor and finally (c) the ternary [10] architecture where threecomponent active layer based devices are proposed. Compared to the single layer based OSCs, the BHJ concept devices have been extensively investigated illustrating efficient charge separation and high collection efficiency.
Although, the BHJ active layer based technology has significantly improved in the last 20 years, exceeding the PCEs threshold of 10%, [7] there are still some drawbacks that should be tackled. These include a) demonstration of not intense and of spectrally narrow absorption organic semiconductor materials, [11] b) excessive energy loss at donor / acceptor interfaces and limited charge transfer [12] due to energy level misalignment larger than 0.4 eV within the active layer, [13] c) charge transport pathways between the donor and acceptor building blocks need significant improvement, d) Schottky contact formed between the active layer and interlayers [14] limit the efficient photogenerated charge collection and e) binary blend morphology stability issues under prolonged and continuous illumination conditions [15] . The introduction of OSCs based on a three component active medium blend made of a donor, an acceptor and a third additive material has recently attracted increased attention since it addresses the majority of the binary blend devices deficiencies [16] [17] [18] . The ternary OSC depending on the physical properties of the additive material (energy level alignment with the respective one of the primary donor, complementary absorption spectrum with this one of the primary donor) can a) increase the intensity and extend the absorption of the donor material by demonstrating a complementary absorption spectra, b) build more efficient charge pathways at the polymer (donor):acceptor interfaces, c) provide more efficient exciton dissociation pathways in the interfaces with the donor material, d) balance the bipolar mobility within the active layer, e) increase the crystallinity of the donor material, f) enhance the energy transfer from the donor material and g) employ the same simple fabrication techniques of the ones used in the binary devices [10, [19] [20] [21] .
Graphene [22] and graphene-based materials due to their excellent electronic and physical properties [23] have induced high impact on various scientific and technological fields. Simultaneously, the interest on other two-dimensional (2D) materials [24, 25] has skyrocketed after the isolation of graphene [22] . As a result, investigations on 2D transition metal dichalcogenides (TMDs) (MX 2 , M= Mo, W, Nb, Re, Ti, Ta, etc.; X = S, Se, Te) [26, 27] have intensified as well. Due to high conductivity, high transparency and capability to modulate theirs work function, graphene-related materials (GRM) have been applied in OSCs mainly as a transparent electrode, [28] but also as buffer (hole and electron transport layers) [29, 30] and photoactive layers [31, 32] . Recent publications have shown that other 2D materials, such as molybdenum disulfide (MoS 2 ) , tungsten disulfide (WS 2 ), tungsten diselenide (WSe 2 ) have unique electrical, mechanical and physical properties as well as appropriate long-term stability to be used as interlayers or active layers for photovoltaic devices [33, 34] .
Here, we provide for the first time a comprehensive mini-review on the most recent applications of GRMs and beyond graphene 2D materials as the third (or ternary material) component within the photoactive layer of solution processable ternary OSCs. This review is mainly focused on the physical and engineering principles of these high-performance devices. Finally, we address and propose the possible research directions in the near future.
Ternary OSC Operation Mechanisms and the Key Role of 2D Materials
Several articles have demonstrated the introduction of 2D materials as the additive component into the photoactive layer of ternary OSCs, as listed in Table 1 [19, 20] . Ternary OSCs can be distinguished into three different setups according to the function of the ternary component: two donors / one acceptor, [35] one donor/two acceptors, [36] and donor/nonvolatile additive/acceptor [37] . The four fundamental working principles in ternary BHJ OSCs are depicted in figure 1 and include: a) charge transfer, b) energy transfer, c) parallel-linkage and d) alloyed donor structure, which are closely dependent on the third component/additive location on the blend.
The charge transfer in the ternary devices is governed by parameters such as the constitution of the additional component, the energy levels alignment among the building blocks of the active layer, the complementary degree of the energy band gaps of the three components, the location of the additive material in the active layer and the morphological characteristics in the interfaces within the active layer.
The incorporation of the third element within the active layer of a ternary solar cell is crucial for the effective charge transfer and collection of the photogenerated charges in the respective electrodes. High J sc , FF and thus PCE can only be obtained if the third component is placed at the interface between the donor and acceptor. The principal parameters that determine the exact location of the third element in ternary OSCs are the surface energies of the dominating donor, acceptor materials [38, 39] . Third component HOMO -LUMO energy levels should be energetically aligned between the corresponding ones of the Donor and Acceptor materials in order to induce high exciton dissociation and charge transfer rates (figure 1a) [40] .
The energy transfer acts as a competitor to the charge transfer process in the ternary OSCs [41] .
Substantial overlapping between the absorption spectrum (of the low bandgap material) of one material with the emission spectrum (of the high bandgap material) of the other is desirable for the most efficient energy transfer. Thus, the ternary element, can function as "energy donor" or as "energy acceptor" within the active layer of a ternary OSC (figure 1b -energy acceptor case).
Whenever the ternary element operates as 'energy donor', the holes are formed in the dominant donor material and the ternary element acts as energy absorber [42] . The energy donor should be in proximity with the energy acceptor material due to the rapid energy decay rate with the distance. In the case the third element operates as "energy acceptor", it should be distanced from the "energy donor" material and simultaneously in contact with the donor or acceptor to facilitate the excitons dissociation created by the energy transfer. The efficiency of the energy transfer between the donor to acceptor is mainly determined by how much the excited state lifetime of the energy donor is reduced by the presence of the energy acceptor material [18] . The photogenerated excitons are dissociated in the interface of the low band gap material (energy acceptor) with the acceptor.
The parallel linkage scheme [43] (figure 1c) is a more tolerant system since does not request very demanded energy level alignment and band gaps between all the components of the active layer to safely secure energy transfer. Under this architecture the excitons are independently generated in each donor material (in the case of two donors/acceptor scheme) and are dissociated in the respective donor/acceptor interfaces. The generated holes will be transferred to the cathode through the respective donor channels whereas the electrons will be transported to the anode via acceptor pathways. In the case of two acceptors schemes the excitons will be dissociated in either the donor/acceptor one or donor/acceptor two interface.
Thereby, the electrons are transported via the donor to the anode, whereas the holes through the two acceptors to the cathode. It must be empathized that there is no energy or transfer between the constituents in this configuration.
Under the alloy model, two electronically similar materials (two donors or two acceptors) build an electronically composite with the same orbital energies (LUMO and HOMO). The latter are determined by the alloy composition. In this setup, the open-circuit voltage (V oc ) value changes with the constituent composition of the alloy, whereas the J sc increases due to the complementary absorption spectra of the components of the ternary device active layer.
In all cases, the ideal additive material in a ternary setup is selected regarding its optical, electrical and physical properties. Moreover, its compatibility with large-scale techniques (printing, roll-to-roll) is also crucial, since a balance between the fabrication cost and the efficiency of the ternary OSCs is highly appreciated. In this context, the design and synthesis of novel 2D-based materials with tunable properties are crucial for the ternary OSCs approach development.
Pure graphene flakes incorporated into ternary OSCs
The BHJ between conjugated polymers and fullerenes is the most popular employed OSC setup because of their simple fabrication processes and reported photovoltaic performances. On the other hand, this compositional setup is the limiting parameter regarding the further boosting of the BHJ OSCs since a considerable fraction of the cell (the fullerene part) is not devoted to harnessing incoming solar radiation but to the transport of photo-generated charges. Liu et al. [44] were one of the first attempts to incorporate solution processable functionalized graphene material (SPF Graphene) inside the active layer, consisting of P3HT:PC 61 P3HT, since they were becoming thinner and brighter compared to the respective ones of the reference binary device. This could originate from the structural reorganization of P3HT molecules upon graphene addition. Robaeys et al. [46] anticipated that the higher crystallinity of P3HT might improve carrier mobility (μ). More specifically, when electron (μ e ) and hole mobility (μ h ) are unbalanced (i.e. have different values), the charge carrier with lower μ (usually the hole) limits transport and results in charge accumulation at the contact/polymer interface. For the reference P3HT:PC 61 BM device, it was found that μ e~2 μ h . On the other hand, the incorporation of 2 wt% graphene dispersion, ratio to the polymer, into the active layer, enhanced μ h by 30% and, at the same time, reduced μ e by 50%. Therefore, the more balanced mobilities between electrons and holes upon graphene nanosheets addition were responsible for the overall PCE enhancement.
N-doped reduced graphene oxide flakes incorporated into ternary OSCs
Jun et.al. [47] for the first time showed the effective incorporation of charge-selective reduced graphene 
Functionalized graphene oxide with small molecules incorporated into ternary OSCs
Bonaccorso et al. [48] reported the effective functionalization of graphene nanoflakes (GNFs) via the attachment of the ethylene dinitrobenzoyl (EDNB) small molecules and their utilization as the electroncascade acceptor materials in air-processed ternary BHJ OSCs. Using numerical simulations based on a density functional theory (DFT) approach, the authors suggested a mechanism for the fine tuning of the GNF energy levels. The GNFs inks were prepared by dispersing graphite flakes in N-methyl-2-pyrrolidone (NMP) [49] . The initial dispersion was ultrasonicated to exfoliate the graphitic flakes, while the small lateral size (≈100 nm) GNFs were isolated by sedimentation-based separation (SBS). The asreceived GNFs were consecutively acylated and modified with ethylene-dinitro-benzoyl (EDNB) to yield GNF-EDNB [48] . The authors studied the changes in the electronic properties of GNF-EDNB derivatives prepared at various functionalization times. The resulting energy levels (figure 5) were determined considering their respective ionization potentials and electron affinities. The acquired results showed that after 60 h of functionalization, the GNF-EDNB bandgap tuning was in accordance with the one estimated by DFT calculations. Thereby, the calculations predicted an appropriate energy alignment between GNF-EDNB and the other two active layer components (PCDTBT and PC 71 BM), facilitating holes & electrons transport to anode and cathode, respectively and thus minimizing charge recombination. To verify and investigate the effective role of the functionalized GNF as electron cascade material, BHJ OSCs were fabricated, with and without the presence of the graphene-based material as a third component inside the active layer. It was observed that the presence of GNF-EDNB to a minimum concentration (0.05%), was beneficial, displaying a significant progress in all the principle photovoltaic parameters, compared to the reference device. Indeed, J sc , V oc and FF were increased by 11.4% (from 11.58 to 12.91 mA/cm -2 ), 1.5%
(from 0.889 to 0.902V) and 5.5% (from 54.6 to 57.6%), respectively. Consequently, the PCE was significantly enhanced by ~18% (from 5.59% to 6.59%). The improved performance observed upon the GNF-EDNB introduction, revealed its key role as a highly conductive linker interstitially to the polymeric chains and the fullerene-based molecules. Multiple percolation pathways are offered to charge carriers, since GNF-EDNB incorporation provides two interfaces for exciton separation, as well as several ways for charge transfer at the donor/acceptor interfaces.
In the same vein, Stylianakis et al. [50] synthesized a universal graphene-based porphyrin material with adjustable energy levels to be incorporated as the electron cascade material in ternary BHJ OSCs. A significant research activity has been undertaken for the synthesis of graphene -inorganic nanocrystal derivatives as an engineering strategy for designing materials for solar energy harvesting [51, 52] . Semiconductor nanocrystals are very promising candidates for solar radiation harvesting due to their excellent electrical and optical characteristics [53] . Aiming to exploit both aforementioned advantages of graphene and inorganic nanocrystals, Balis et al. [54] studied the impact of the incorporation of rGO-Sb 2 S 3 hybrid nanosheets as the third element on the performance of ternary OSC.
The utilization of rGO-Sb 2 S 3 hybrid nanosheets as the ternary element, as a function of its concentration, within the PCDBT:PC 71 BM layer generated 23% PCE enhancement (PCE ~ 6.81%) compared to the reference binary device. This improvement has been attributed to the increase of the of the J sc due to the improved exciton dissociation, better charge transfer, collection and more efficient light trapping.
Graphene Quantum Dots into ternary OSCs
Graphene quantum dots (GQDs) have been considered very promising, because their properties can be tuned as a function of their size and the chemical modifications have been processed. Kim et al. [55] reported the synthesis of three different types of GQDs by altering the oxidation and reduction degree, as depicted in figure 6 . In particular, oxidized graphene quantum dots (GOQD), 5 h reduced GQDs (GQD5) and 10 h reduced GQDs (GQD10) were fabricated and studied as ternary elements in PTB7:PC 71 BMbased OSC devices.
The presence of functional groups non-chemically bonded in the GOQDs generated a secondary excitation at ~ 328 nm. As a result, the utilization of GOQDs triggered an enhanced absorption and thus higher J sc (~6%). The appearance of the secondary excitation band was varied as a function of the reduction time. The use of the GQDs as the ternary element within a BHJ active layer generated higher PCEs compared to the GOQDs reference devices. This was attributed to the higher conductivity of the GQDs over the GOQDs. As a result, the introduction of partially reduced GQDs in OSCs balanced the optical absorption and electrical conductivity, improving the FF from 60.4% to 67.6% and increasing the PCE from 6.70% to 7.60%.
In the same context, Li et al. [56] first demonstrated a simple synthesis of GQDs from double-walled carbon nanotubes (DWCNTs) with a uniform size distribution. The introduction of GQDs as third element in P3HT:PC 61 BM based devices led to an absorption enhancement (~0.45%). The device performance was improved not only by the employment of the GQDs but also by the PC 61 BM concentration levels. The record ternary OSC PCE was higher than 5% (~ 5.24%).
2D transition metal dichalcogenides into ternary OSCs
TMDs exhibit a similar 2D structure as the graphene [57] . is primarily due to the synergistic effect of absorption and charge transfer processes. Excitons can also be generated mainly inside the samples 2 and 3 of WSe 2 nanoflakes, increasing the overall exciton generation due to the complementary absorption bands of PTB7 and the WSe 2 . However, the higher electron mobilities increase of the Sample 2 based OSC, which was enhanced by ~65% compared to the reference cell, was attributed to the similar domain size of Sample 2 WSe 2 nanoflakes and the PC 71 BM domains in the binary blend. In this case, the nanoflakes induce additional percolation pathways, promoting the electron extraction and thus collection (because of the higher mobilities of WSe 2 compared to PC 71 BM). The incorporation of low dimensional WSe 2 nanoflakes also provides additional interfaces for higher exciton dissociation and charge transfer rates, giving rise to enhanced exciton dissociation and electron mobility. Thus, by using the same TMD material and altering its size it is possible to observe and distinguish the different mechanism of ternary OSCs, including sensitization, charge and energy transfer and combinations of these. It is believed that the ternary OSCs incorporated 2D materials as a third element provide a new promising, low cost, alternative towards the implementation of high performance OSCs. 
Conclusions and future perspectives

